SUMMARY. The Starling equation, which describes net transvascular liquid flow, does not include the possibility that a reduction in plasma protein concentration may have a direct effect on lung liquid conductance or microvascular protein permeability. Nevertheless, both effects have been reported. Since these results were not predictable, we wondered whether the changes were due to the decrease in plasma protein concentration or to the process by which protein depletion was accomplished (batch plasmapheresis which involves considerable handling of blood). To separate these factors, we did control (sham) and protein removal plasmapheresis in awake sheep by two plasmapheresis methods (batch and continuous-flow). We monitored pulmonary hemodynamks, measured lung lymph flow, and determined protein concentrations in lymph and plasma. We calculated or measured the protein osmotic pressures of plasma and lymph. After control plasmapheresis, lymph flow increased and lymph:plasma protein concentration decreased but had returned to baseline levels by 4 hours. After protein removal plasmapheresis, the changes persisted for 24 hours. However, lung microvascular conductance (filtration coefficient) was not increased, except during the first 4-hour period. The changes in lymph flow and protein concentration ratio are explained using a simple two-pore model. We conclude that, over the range studied, hypoproteinemia does not increase lung microvascular liquid conductance or THE plasma protein osmotic pressure is an important force contributing to net liquid exchange across the microvascular barrier, according to the Starling equation (Staub, 1974) :
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where Q is the net liquid exchange, K is the liquid conductance of the microvascular barrier, and P is the hydrostatic pressure in the microvascular (mv) and the perimicrovascular (pmv) compartments, respectively; a is the reflection coefficient for total protein, and n is the protein osmotic pressure in the microvascular and perimicrovascular liquids, respectively.
Guy ton and Undsey (1959) used batch plasmapheresis to show that hypoproteinemia reduced the protection of the lung against high pressure pulmonary edema. Theoretically, rapid reduction of plasma protein osmotic pressure ought to increase * Permeability, u>, Zarins (1978) and others. McNamee and Staub (1979) liquid filtration transiently until a new steady state of protein osmotic pressure difference across the microvascular barrier is established. Thereafter, however, there is no major theoretical reason why either the liquid conductance or the protein reflection coefficient ought to be disturbed.
describes the diffusive flux of a substance along its concentration gradient independent of bulk (convective) flow with solvent. As used here, however, protein permeability implies all processes by which protein moves from plasma to interstitium to lymph. Leakiness is probably a better term to describe this phenomenon. It is in this sense that the term permeability was used by
Recently, however, Zarins and associates (1978) reported that batch plasmapheresis in anesthetized baboons caused marked increases in right duct lymph flow and in protein flow, which they suggested was due to an increase in protein permeability* of the lung's microvascular barrier. When similar experiments in unanesthetized sheep were done by Harms and coworkers (1981) and by Kramer and associates (1981 Kramer and associates ( , 1983a Kramer and associates ( , 1983b , protein permeability was not increased, but the filtration coefficient was increased 2-to 3-fold.
In seemingly unrelated work, Craddock and colleagues (1977) , Delaney and associates (1979) , and Fountain and coworkers (1980) reported transient changes in the microvascular barrier of the sheep lung caused by blood which had been pumped through external circuits.
The method of batch plasmapheresis requires the removal of large amounts of blood from the animal into anticoagulant bags, centrifugan'on of the bags, removal of the plasma, and reinfusion of the packed red cells together with electrolyte solutions. This process is repeated until the plasma protein concen-270 tration is reduced as much as 50%. Considerable quantities of electrolyte solutions must be infused into the animal to maintain venous return (constant right atrial pressure). Since none of the plasmapheresis studies have included control experiments on the process of plasmapheresis, that is, observations of the effect of blood manipulation without reducing the plasma protein concentration, it is possible that the changes in protein permeability and liquid conductance reported are due to the experimental procedure rather than to the hypoproteinemia.
To resolve this issue, we have used unanesthetized sheep with long-term lung lymph fistulas and have done paired sham (control) and real (protein removal) plasmapheresis by two different methods (batch and continuous-flow). We found that the process of batch plasmapheresis caused transient changes in pulmonary hemodynamics and a significant increase in the calculated filtration coefficient for a few hours after completion of the plasmapheresis process. Continuous-flow plasmapheresis had no such effects. Regardless of the method-and although hypoproteinemia continued-lymph flow remained elevated and the lymph/plasma protein concentration was decreased; there was no increase in the liquid conductance or change in the lymph protein clearance.
Methods

Surgical Preparation
We prepared seven female sheep (25-35 kg) of mixed breeds according to our established methods Roos, 1983) . The preparation included three surgical procedures done approximately 1 week apart. For each procedure, anesthesia was induced by sodium pentothal injection (15 mg/kg) and was maintained by 1% halothane in 50% oxygen, using a positive pressure ventilator pump.
At the first operation, through a right thoracotomy, the parietal pleura over the lower esophagus and right hemidiaphragm was cauterized, and the tail of the caudal mediastinal lymph node was divided posterior to the free margin of the pulmonary ligament. During the second operation, through a left thoracotomy, we placed an ultrasonic flowmeter cuff (Parks Electronics) around the pulmonary artery, a 3.5 F thermistor (Edwards Laboratories) and a polyvinyl catheter into the main pulmonary artery to measure cardiac output by thennodilution and to measure pressure, and a polyvinyl catheter into the left atrium to measure pressure. The parietal pleura over the lower esophagus and the left hemidiaphragm was cauterized.
During the third operation, through a right thoracotomy, we cannulated the efferent duct of the caudal mediastinal lymph node using fine polyvinyl plastic tubing (Hospital Grade Tygon, Norton Plastics) that had been impregnated with heparin by the TDMAC process (Polysciences). Catheters were placed in the right atrium and thoracic aorta through an external jugular vein and carotid artery, respectively, and in the inferior vena cava and abdominal aorta through the femoral vein and femoral artery, respectively.
The sheep recovered for several days after the last surgical procedure. Every other day, we aspirated all catheters and refilled them with heparin solution (1000 U/ml).
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When the sheep were in good health (afebrile, eating and drinking well, with PaOi greater than 80 mm Hg, and stable lymph flow which was grossly free of red blood cells), we began experiments.
Experimental Protocol
General
The plan was to do two sets of paired experiments in each animal: sham and real by each method (batch and continuous-flow). We succeeded in five sheep. In two other sheep we completed only one of the pairs. Thus, there are six sets of paired data for each type of plasmapheresis. The order of batch plasmapheresis and continuous-flow plasmapheresis was randomized among the sheep.
In each experiment, we observed the sheep of a stable baseline period of at least 4 hours. During the next 4 hours, the plasmapheresis procedure (real or sham) was done. Completion of the plasmapheresis period was considered as t = 0. Thus, the baseline is -8 to -5 hours and the plasmapheresis is -4 to 0 hour.
All experimental observations were made during five to seven periods of 4 hours each: 0-4, (5-8, 9-12 in half of the experiments), 13-17, 23-27, 38-42 . When plasma protein concentration had returned to baseline levels, the next experiment was done. One complete set of four experiments required 3 weeks.
Batch Plasmapheresis
We removed 1 liter of blood at a time through the femoral artery catheter into two transfusion bags (Fenwal), and centrifuged the bags at 1370 g for 20 minutes. For sham plasmapheresis, we resuspended the packed cells in the supernatant plasma and infused the blood through a transfusion filter (Pall Biomedical Products) into the femoral vein catheter. We did this procedure three times (six bags, 3-liter total exchange). During the sham procedure, we infused 4600 ± 2100 ml of lactated Ringer's solution to maintain constant right atrial pressure.
For real plasmapheresis, we discarded the supernatant plasma after centrifugation and reinfused the packed cells, together with lactated Ringer's solution. We did the exchange process three times, after which the plasma protein concentration was reduced to about half the baseline value. During real batch plasmapheresis, we infused 5600 ± 1100 ml of lactated Ringer's solution to maintain right atrial pressure constant. We removed a total of 2200 ± 400 ml plasma. The sheep were in positive liquid balance by 3400 ± 900 ml at the end of the plasmapheresis (t = 0).
Continuous-Flow Plasmapheresis
For continuous-flow plasmapheresis, we used a membrane filter device (Castino, 1978 ) (Amicon). The unit consisted of three layers, each containing a silicon gasket, a microporous polyester membrane (pore size 0.6 /im), and a polycarbonate manifold plate. To prevent coagulation on the polyester membrane filter, we added Anticoagulant Citrate Dextrose Formula A (Travenol Laboratories) to the arterial side of the system at a rate of 2.5 mg citrate/(kg X min). We infused CaCl2 (500 mg/hr) and MgSO < (250 mg/hr) into the venous side of the system to maintain ionized calcium and total magnesium at normal circulating concentrations. Ringer's solution was added to the return line at the femoral vein.
Initially, blood was pumped by a roller pump (model S io KII, Sarns) at the rate of 120 ml/min, through the bypass tubing and back to the femoral vein catheter. After one-half hour, if there were no mechanical problems, we closed the bypass, thereby directing blood flow through the filtration device. The high inlet pressure (200 mm Hg) caused filtration of plasma through the polyester membranes into channels cut in the manifold plate. These channels coalesced into a single outlet tube in the bottom cover plate. The filtrate was returned to the animal (sham plasmapheresis) or discarded (real plasmapheresis).
For sham plasmapheresis, the filtrate and the cells were returned to the sheep for 4 hours. A total of 1200 ± 100 ml of anticoagulant solution were infused. Right atrial pressure remained constant. For real plasmapheresis, only the concentrated cells were returned to the sheep. The rate of plasma filtration averaged 10.6 ± 2.8 ml/min. Thus, for 120 ml of blood at hematocrit 30 entering the device each minute, 109 ml at hematocrit 33 were returned to the sheep. Blood was filtered until the plasma protein concentration was reduced to about half the baseline value. During real continuous-flow plasmapheresis, 5400 ± 1400 ml of anticoagulant solution and lactated Ringer's solution were infused to keep right atrial pressure constant. The sheep were in positive liquid balance by 3600 ± 1400 ml at the end of the plasmapheresis (t = 0).
Blood Volume Determination
In five experiments, we determined plasma volume serially by the dilution of 125 I-labeled human serum albumin. Each time we did this, we injected 5 fid of labeled albumin (Mallinckrodt) after obtaining background blood samples. We took three blood samples at 10-minute intervals, measured their plasma radioactivity in a gamma scintillation spectrometer (model 578, Packard Instruments), and calculated plasma volume based on the plasma radioactivity extrapolated to the time of injection. Plasma volume (ml/kg) was measured five times; in the baseline period, 2 hours after completing the plasmapheresis procedure and at 15, 25, and 40 hours.
Data Collection
We measured cardiac output, vascular pressures, lung lymph flow, and protein concentration in plasma and lymph. We referred all pressures to the lowest (most ventral) level of the sheep's chest. We chose this point for two reasons: theoretically, filtration is weighted toward the more dependent regions of the lung (Blake, 1976) , and the lowest reference point leads to the least random variations in the calculated filtration coefficient .
The pressures in the pulmonary artery, left atrium, right atrium, and aorta were measured with disposable, continuously flushing, pressure transducers (Cobe, or Gould). The small, light-weight pressure transducers may be conveniently attached to the sheep's back or harness and maintained with a continuous slow flush (3 ml/hr) of saline through them, using bags of sterile saline in high pressure blood pumps (Fenwall) above the cage. Slow flushing continued night and day during each experiment. The pressure transducers and connections were thus maintained patent and sterile. Pressure measurements and cardiac output (ultrasonic flowmeter) were recorded con-271 tinuously on a multichannel recorder (model 7, Grass Instruments). Pressures and cardiac output were averaged by eye every 15 minutes. Absolute calibration of the flowmeter was achieved by thermodilution cardiac output measurement intermittently.
Lung lymph, a reasonable representation of filtrationweighted, average perimicrovascular interstitial liquid (Gee and Havill, 1980; , was collected in heparinized, graduated centrifuge tubes. Flow rates were measured at 15-minute intervals, and the lymph was pooled at 30-minute intervals for measurement of total protein by the biuret method; albumin concentration was determined by the bromcresol green dye-binding method in an automated device (model AAII, Technicon Co.). We sampled arterial blood hourly and measured plasma total protein and albumin concentrations. During each study period, we measured hematocrit and arterial blood gas tensions (model 165/2, Corning Medical Products). We collected blood intermittently to measure total magnesium and total calcium by atomic absorption spectroscopy (Instrumentation Lab) and ionic calcium concentration by an ion-specific electrode (Radiometer).
To compute the filtration coefficient from the Starling equation, we calculated microvascular pressure (Pmv) by our standard equation [Pmv = Pla + 0.4 (Ppa-Pla)] and assumed that perimicrovascular hydrostatic pressure (Ppmv) was constant and equal to zero (alveolar pressure) . We used the Nitta nomogram modification of the Landis and Pappenheimer equation (Nitta, 1981) to compute the protein osmotic pressure of plasma and lymph. In two pairs of experiments, we measured the protein osmotic pressures in plasma and lymph with a commercial membrane osmometer (Wescor). The measured osmotic pressure is linearly and tightly correlated to the calculated osmotic pressure (Yamada, 1985) . The osmotic pressure differences dl mv -np mv )/ obtained by either method, are also tightly correlated. The computation of the filtration coefficient, K, is reliable by either approach, and the choice of methods used to compute it had no effect on the interpretation of the results. We assumed the reflection coefficient for total protein was constant at 0.9 (Blake, 1976; Brace, 1977; McNamee, 1979) .
Statistics
The data in the time-course figures are plotted at 15-minute intervals. The summary data in Tables 1 and 2 and in the bar graphs are shown as group averages ± one sample standard deviation for each 4-hour period.
The statistical analysis consisted of two different approaches. The first was a two-way analysis of variance in which we compared the fixed intervention (real vs. sham) with random interanimal variability (Zar, 1974) . The null hypothesis was: there is no difference between real and sham plasmapheresis. The test was run on each major variable and for each 4-hour experimental period. All differences between real and sham are reported in terms of this test.
The second test was a paired Mest within each of the four experiments between each 4-hour period and baseline. Thus, each experiment contained its own control. We applied the Bonferrone correction for multiple comparisons, using the same data.
In both kinds of statistics, the individual animal data were compared, although-in Table 1 and 2, and the bar graphs-only group data are shown. We accepted P < 0.05 as indicating statistical significance. We also made an analysis for type II errors, that is, failing to find significant differences because the number of experiments was small (Freeman, 1978) .
Results
Batch Plasmapheresis
The time courses of one pair (sham and real) of batch plasmapheresis experiments are shown in Figures 1 and 2 . The summary data for all six paired batch plasmapheresis studies are listed in Table 1 and four selected variables are displayed in paired bar graph form in Figure 3 .
During the process of batch plasmapheresis (gray areas in Figs. 1 and 2) , there was considerable fluctuation in pulmonary vascular pressures and an increase in lung lymph flow. A large quantity of lactated Ringer's solution was needed in the sham study (15% body weight) to maintain right atrial pressure. Although the difference is not significant by paired f-test, a slightly larger quantity of lactated Ringer's solution was needed in the sham than real experiment (4.6 vs. 3.4 1; 15% vs. 11% body weight).
After completing the sham batch plasmapheresis, plasma protein concentration (Fig. 3 , left upper panel) was not significantly changed, whereas, after real batch plasmapheresis, the plasma protein concentration decreased to an average of 58% of baseline during the 0 to 4-hour observation period. The plasma protein concentration (the controlled variable) was significantly reduced throughout the 42-hour observation period in the real plasmapheresis experiments. Fig. 1 ). Results are expressed as mean ± 1 SD. * Zero time set to completion of plasmapheresis. Thus, the baseline period was -5 to -8 hours and plasmapheresis period (not shown) was 0 to -4 hours.
| Data on three sheep each for these periods. No statistics reported. j (s) •= significant with respect to baseline by paired (-test after analysis of variance (P < 0.05). Bonferroni correction for multiple comparisons of the same data was applied.
sham plasmapheresis (Fig. 3 , left lower panel) but was decreased for 24 hours after real plasmapheresis. Lung lymph flow returned to near baseline level by the 5-to 8-hour period after sham plasmapheresis (Table 1A , column 5; and Fig. 3 , right upper panel). After real plasmapheresis, lung lymph flow remained elevated, relative to the sham study, until the end of the experiment (Fig. 3, right upper panel) , but only for 17 hours compared to its own baseline period (Table IB, column 5). Neither the absolute (Table 1) nor normalized (Fig. 3 , right lower panel) filtration coefficient was increased after real batch plasmapheresis, but was increased during the first observation period (0-4 hours) after sham plasmapheresis. Lymph protein clearance (lymph flow X lymph-plasma protein concentration ratio) can be used as a rough index of protein leakiness. Lymph protein clearance was increased during the 0-to 4-hour transient period in both sham and real experiments. By 13-17 hours, it was not different from the baseline value-neither increased nor decreased.
Cardiac output was increased during the first 4 hours after plasmapheresis in the sham group but not in the real group. At no time was plasma volume significantly different from baseline, even though the sheep were in positive liquid balance by about 3 liters immediately after plasmapheresis and 1 liter near the end of the experiment (t = 40 h). Arterial oxygen tension and pH did not change significantly during the course of either sham or real batch plasmapheresis.
Continuous-Flow Plasmapheresis
The time courses of one pair (sham and real) of continuous-flow plasmapheresis experiments are shown in Figures 4 and 5. The summary data for all six paired continuous-flow plasmapheresis studies are listed in Table 2 , and four selected variables are displayed in paired bar graphs in Figure 6 .
The process of continuous flow plasmapheresis had much less effect on the sheep. This can be seen by comparing Figures 4 and 5 with Figures 1 and 2 . All the time course figures are from the same animal. Compared to batch plasmapheresis, pulmonary vascular pressures were insignificantly affected. In the sham plasmapheresis, the quantity of electrolyte solution infused was less than that for sham batch experiment, but in the real plasmapheresis, it was the same as that for real batch experiment. Cardiac output did not change, and plasma volume was not significantly altered during either sham or real continuous-flow plasmapheresis.
As with batch plasmapheresis, plasma protein concentration was decreased at all time periods after real plasmapheresis but only in the 0-to 4-hour period after sham plasmapheresis (Fig. 6, left upper  panel) . The protein osmotic pressure difference (Fig.  6 , left lower panel) was not affected by sham plasmapheresis, and after real plasmapheresis, had recovered by 23-27 hours.
Lung lymph flow ( Table 1 , where the statistics were done to compare each value to the baseline period). The filtration coefficient is normalized on the baseline value.
sham, lymph flow in the real study was increased only during the first 4 hours. In the first period (0-4 hours) after real continuous-flow plasmapheresis, the normalized filtration coefficient was nearly doubled (Table 2 ), but the large variance made it not significant relative to the sham experiment. By the 13-to 17-hour period, it had returned to the baseline level, although the hypoproteinemia continued. Lymph protein clearance was increased in the 0-to 4-hour transient period for both sham and real experiments, by 13-17 hours, was at baseline values-neither increased nor decreased. In Table 1 , the data for the three sheep (although no statistics were done) suggest that the filtration coefficient was at baseline level by 9-12 hours. Arterial oxygen tension and pH did not change significantly during the course of either sham or real continuous-flow plasmapheresis. 
Comparison of Plasmapheresis Methods
Batch plasmapheresis disturbed hemodynamics more than did continuous-flow plasmapheresis. As shown in Tables 1 and 2 , we made continuous measurements of all variables during the periods 5-8 and 9-12 hours in three sheep by each type of plasmapheresis (examples shown in Fig. 1, 2, 4 , and 5). The hemodynamic disturbances caused by sham or real plasmapheresis, as well as the increased filtration coefficient, had returned to baseline level by the 5th hour.
During sham batch plasmapheresis, there was a small but significant decrease in the plasma and lymph protein concentrations. This is to be expected, since batch plasmapheresis required an initial loading of lactated Ringer's solution (approximately 2 liters) during the first bleeding period, when there was no blood to return. The plasma and lymph protein concentrations had returned to baseline values shortly after the completion of the sham batch plasmapheresis procedure, as had lymph protein clearance.
Lung lymph flow increased during sham batch plasmapheresis, but returned to its baseline level by 5 hours. During sham continuous-flow plasmapheresis, lymph flow also increased, but had returned to baseline level by 5 hours. 11.8 ±4.0 13.3 ± 3.5 13.0 ± 3.3 11.5 ± 1.5 11.5 ± 2.0 10.5 ± 2.9 10.5 ± 3.5 Results are expressed as mean ± 1 SD. * Zero time set to completion of plasmapheresis. Thus, the baseline period was -5 to -8 hours and plasmapheresis period (not shown) was 0 to -4 hours.
f Data on three sheep each for these periods. No statistics reported. $ () _ significant with respect to baseline by paired t-test after analysis of variance (P < .05). Bonferroni correction for multiple comparisons of the same data was applied. Hours After Plasmapheresis Hours After Plasmapheresis Table 2 , where the statistics were done to compare each data point to the baseline period).
Discussion Guyton and Lindsey (1959) reduced plasma protein by the batch method in anesthetized dogs. They showed that the lungs were more susceptible to pulmonary edema (increased lung wet-to-dry weight ratio after elevation of left atrial pressure) than were a comparable group of unplasmapheresed dogs. Guyton and Lindsey did not measure lung lymph flow or do control experiments on the process of plasmapheresis.
The results of the experiments by Zarins and associates (1978) reopened the question of the effects of hypoproteinemia on lung liquid and solute exchange. They used anesthetized baboons, collected right duct lymph, and made the animals hypoproteinemic by the batch plasmapheresis method. Right duct lymph flow increased 8-fold and the microvascular barrier protein permeability (leakiness) was increased, since the lymph and plasma protein concentrations were nearly equal at high lymph flow after plasmapheresis. The authors noted that most of their animals died during or shortly after the plasmapheresis procedure was completed. Clearly, the process of batch plasmapheresis was not innocuous. associates (1981, 1983b ) have published papers on lung liquid and solute exchange in unanesthetized sheep with hypoproteinemia induced by batch plasmapheresis. They concluded that protein permeability did not increase; in fact, the lymph:plasma protein concentration ratio decreased after plasmapheresis. However, these authors did report a 2-to 3-fold increase in the calculated filtration coefficient about 18 hours after completion of plasmapheresis. They concluded that hypoproteinemia had, in some way, increased the microvascular barrier filtration coefficient.
We have completed six sets of paired sham (control) and real (protein removal) experiments, using two different plasmapheresis methods. The results demonstrate that the process of batch plasmapheresis in sheep is not innocuous. Our data thus confirm reports of pulmonary vascular reactions in sheep following exposure of blood to artificial surfaces (Craddock, 1977; Delaney, 1979; Fountain, 1980) . On the other hand, we did not note any reactions after exposure to the surfaces of the continuous flow apparatus. In both processes, we used citrate as the anticoagulant. Therefore, the difference must lie with some other attribute of batch plasmapheresis, such as handling and cooling the blood bags, cen-trifugation to separate the cells from plasma, or the duration of exposure outside the body which was up to 1 hour in batch plasmapheresis, but only 1-2 minutes in continuous-flow plasmapheresis.
One expects an increase in the computed filtration coefficient and the lymph protein clearance immediately after the plasmapheresis procedure, because the animals are not in a steady state. Both lymph flow and the protein osmotic pressure difference are still changing rapidly. We have shown previously that the half-time for washout of the lung's parenchymal interstitium is about 2 hours under baseline conditions-less, when lymph flow is increased Vaughan, 1979) .
As one can see in the time-course graphs, the animals are never in an absolute steady state but, rather, reach a quasi-steady state after 4 hours. The plasma protein concentration returns slowly toward normal over several days. Kramer and associates (1983a) tried to prevent the slow recovery of plasma protein concentration by doing batch plasmapheresis daily. Every time they did it, they may have induced small changes in the lung's microvascular barrier.
We did batch plasmapheresis in a manner as close to that used by associates (1981, 1983b) as possible. The only differences are that we measured all variables during the plasmapheresis process (Figs. 1, 2, 4, 5) , and that we infused calcium and magnesium ions to maintain their plasma concentrations in the normal range. After the first 4 hours after either batch or continuous flow plasmapheresis, neither the filtration coefficient nor the lymph protein clearance was significantly different from the baseline value.
Since completion of our experiments, two other abstracts of studies of hypoproteinemia in sheep have appeared. The conclusions of those authors are the same as ours. Hazinski and associates (1982) used long-term thoracic duct drainage in eight 3-week-old lambs, as an alternate method to deplete protein. After 40% protein depletion, they also saw a rise in lymph flow and a fall in the lymph:plasma protein concentration ratio, but they did not find any change in the calculated filtration coefficient, either at baseline or increased left atrial pressures. Parker and coworkers (1984) used a combination of batch plasmapheresis and thoracic duct drainage in awake sheep, at baseline and during increased left atrial pressures. They could not detect any increase in protein permeability.
One could say that, although there is no significant difference after real plasmapheresis because of interanimal variation, there is a tendency for the normalized filtration coefficient to be increased relative to the sham. Our analysis for the type II statistical error indicates we would need to study more than 50 animals in order to achieve even a 20% chance that the filtration coefficient really is increased, assuming that the group means and var-277 iances remained the same. However, the increase in the filtration coefficient, even if real, would amount to only 40% (Table 1) .
Small Pore Protection by Plasma Protein
Between our experiments and those of all other investigators working with awake sheep Kramer, , 1983b Hazinski, 1982; Parker, 1984) , there is agreement on the essential data, namely, that hypoproteinemia causes a rise in lung lymph flow, a decrease in the lymph:plasma protein concentration ratio, and no measurably altered pulmonary hemodynamics after the initial few hours following protein depletion. There remains to be explained, however, why lymph flow and lymph:plasma protein concentration ratio changed, if the microvascular barrier hydraulic conductance (filtration coefficient), and if, as we hypothesize, protein leakiness (I-a) did not change. Since protein osmotic pressure is a cubic polynomial function of protein concentration (Landis, 1963; Nitta, 1981) , the protein concentration of perimicrovascular interstitial liquid must have decreased relatively more than that of plasma after plasmapheresis in order for the protein osmotic difference (n mv ~ Ilpnw) in the Starling equation to return toward baseline levels (Figs. 3C and 6C) .
The key to the explanation is in the heterogeneity of lung microvascular liquid and solute exchange. Roselli (1981) and Kinesawitz and Groome (1984; and personal communication) have independently made calculations of the effects of hypoproteinemia on transvascular liquid and protein flow. They conclude that barrier heteroporosity can result in an increase in the filtration rate and a decrease in the lymph protein concentration.
There are several types of heterogeneity. We have stressed regional and longitudinal heterogeneity of microvascular exchange, which causes mean lung lymph to be weighted toward those regions which produce the most lymph (Davson, 1965; Staub, 1974) . Regional heterogeneity (from the top to the bottom of the lung) has been thoroughly described (Blake, 1976; Staub, 1984) . Longitudinal heterogeneity (along the microvascular bed) has been described for the systemic microcirculation by Wiederhielm (1968) and for the lung by Staub (1984) . Brace and coworkers (Brace, 1977) concluded there must be a longjtudial heterogeneity of microvascular pressure in order to explain their inability to obtain consistent values for an overall reflection coefficient in the lung during microvascular pressure elevations, but in OUT experiments on plasmapheresis, there is no evidence for any changes in either regional or longitudinal heterogeneity of liquid and solute exchange. Pore heterogeneity, however, may be able to explain the phenomena observed. We call it 'small pore protection by plasma protein. ' To explain the effect of pore heterogeneity simply, we will set up a two-pore model and refer to Figure  7 . This model is intended to give an intuitive (qualitative) explanation for the plasmapheresis phenomena noted. A more complete quantitative model is beyond the scope of this paper. Let us suppose that the lung's microvascular barrier is penetrated by a few large pores (radius =100 nm) and by a great many small pores (radius = 2 nm). Each large pore has a high hydraulic conductivity and does not restrict plasma proteins, so that liquid filtering through the pore has the same protein concentration as plasma. The reflection coefficient, a, in the Starling equation equals zero. Each small pore has a low hydraulic conductivity, but if there are a great many of them, their combined hydraulic conductivities may exceed that of the large pores (see Table 1 of McNamee and Staub 1979) . The small pores are so small that no protein can pass through them-thus, the filtrate from them has a protein concentration equal to zero. The reflection coefficient, a, in the Starling equation equals one.
In our simplified description, we will ignore any intermediate pores (Blake, 1976; McNamee, 1979; Harris, 1981) . In any event, they are only necessary to allow for concentration variations in the filtrate (lymph) among proteins by size, configuration, or electric charge. This model also avoids the problem of protein diffusion, which probably occurs in the real lung, although of much less importance than convective protein flow (McNamee, 1979) .
We assume that the perimicrovascular filtrate of the large pores mixes completely and uniformly with that of the small pores. It is not a critical assumption, but it makes the calculations simpler, and ( most theoreticians use this assumption. Thus, the perimicrovascular protein concentration facing the large pore is less than that of plasma, and that facing the small pore is greater than zero. Lung lymph, of course, represents a sample of this mixed perimicrovascular filtrate. Using Poiseuille's formula, we calculate that for equal hydraulic conductivities between the two pore populations, there must be 6,250,000 small pores for every large one. These numbers are shown in Figure 7 , inset table. We next examine three conditions.
For the first and simplest (but not trivial) condition, there is no plasma protein; thus, the osmotic pressure term in the Starling equation (fl mvIlpmv) equals zero. Since we have made hydraulic conductivities of the two sets of pores equal, half of the liquid filters through the single large pore and half filters through the small pores. The theoretical overall barrier reflection coefficient can be computed by the standard mixing equation: <T| x K| = ff, x K, + ff| x Kb where a t and Kt, a, and K,, O\ and Ki are the protein reflection coefficients and liquid conductances of the whole barrier, small(s), and large(l) pores, respectively (Renkin, 1977) . The total liquid conductance (K t ) is the sum of the separate pore population conductances, which we arranged to be equal. Thus, the overall barrier reflection coefficient equals 0.5. The proportion of filtrate through each set of pores is independent of the hydrostatic pressure difference across the barrier, as shown in Figure 7 by the dashed line running across the graph, indicating 50% of total flow passes through the small pores over the range 0 to 100 cm H 2 O hydrostatic driving pressure.
For the second condition, we allow protein to be present in plasma at the normal sheep value of 6 g/dl with 0.48 albumin fraction; Y[mv = 24.3 cm H 2 O (Nitta, 1981) . As in the first condition, flow through the large pore is unaffected by the protein. Large pore filtration is linearly related to the hydrostatic driving pressure. Plasma protein has no effect on flow through the large pore.
However, plasma protein markedly affects flow through the small pores, because we must include the osmotic pressure difference when computing the net driving pressure. Thus, at low hydrostatic driving pressures, the protein osmotic pressure differ- ence across the barrier is a substantial fraction of the hydrostatic driving pressure.
To continue with condition two, let us establish a small hydrostatic driving pressure, say 2 cm H 2 O. Steady state flow through the small pores is about 5% of the total flow, as shown in Figure 7 (first solid circle). The mixed perimicrovascular interstitial protein concentration is about 5.7 g/dl, that is, the lymph:plasma protein concentration ratio is high. The apparent reflection coefficient, computed from the lymph:plasma protein concentration ratio (L:P), according to the formula 1-L:P, equals 0.05. This must be so because the lymph flow is weighted (95%) toward the large pores (Davson, 1970) .
As the hydrostatic driving pressure is increased, the flow through the large pore increases linearly, the same as in the first condition. However, the flow through the small pores increases relatively more rapidly. If one increases driving pressure from 2-4 cm H 2 O, flow through the small pore increases nearly 4-fold, whereas the flow through the large pore doubles. The perimicrovascular protein concentration has decreased to 5.3 g/dl, and the apparent reflection coefficient calculated from the lymph:plasma protein concentration ratio has increased to 0.1.
The filled circles and thick line in Figure 7 show the fraction of the total filtrate passing through the small pores as the hydrostatic driving pressure is increased over the range 0-100 cm H 2 O. That fraction increases, asymptotically approaching the 50% fraction (equivalent to condition 1 and a reflection coefficient of 0.5). We conclude that the protein osmotic pressure of plasma is protecting the small pores-that is, it is preventing their huge hydraulic conductivity from being completely manifested at physiological pressures. The degree of protection decreases as hydrostatic pressure rises Staub, 1980) .
For the third condition, we examined reduced plasma protein concentration. We used 3 g/dl with 0.48 albumin fraction; \{mv = 9.9 cm H 2 O (Nirta, 1981) . The results over the range 0-100 cm H 2 O hydrostatic driving pressure are shown by the open circles in Figure 7 . Decreasing the plasma protein concentration (protein osmotic pressure) is equivalent to raising the hydrostatic driving pressure. At each hydrostatic driving pressure, the fraction of flow through the small pores has increased, which increases the total lymph flow and decreases the lymph:plasma protein concentration ratio. If one collected lymph and tried to determine what was going on at the microvascular barrier, one would conclude that the filtration surface area, the hydraulic conductivity, or the net driving pressure had increased. In our experiments, it was the net driving pressure that increased (n mv ~ Ilp mv decreased; see Figs. 3C and 6C). Kramer and associates (1983a) on the other hand, concluded that either filtration surface area or hydraulic conductivity had increased. However, in the model, we know that no change in the barrier occurred at all. What has occurred is that the hypoproteinemia has decreased the plasma protein's protection of the small pores against filtration.
